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Abstract: The mouse mammary tumor virus (MMTV) Pr77Gag polypeptide is an essential retroviral
structural protein without which infectious viral particles cannot be formed. This process requires
specific recognition and packaging of dimerized genomic RNA (gRNA) by Gag during virus assembly.
Most of the previous work on retroviral assembly has used either the nucleocapsid portion of
Gag, or other truncated Gag derivatives—not the natural substrate for virus assembly. In order to
understand the molecular mechanism of MMTV gRNA packaging process, we expressed and purified
full-length recombinant Pr77Gag-His6-tag fusion protein from soluble fractions of bacterial cultures.
We show that the purified Pr77Gag-His6-tag protein retained the ability to assemble virus-like particles
(VLPs) in vitro with morphologically similar immature intracellular particles. The recombinant
proteins (with and without His6-tag) could both be expressed in prokaryotic and eukaryotic cells
and had the ability to form VLPs in vivo. Most importantly, the recombinant Pr77Gag-His6-tag fusion
proteins capable of making VLPs in eukaryotic cells were competent for packaging sub-genomic
MMTV RNAs. The successful expression and purification of a biologically active, full-length
MMTV Pr77Gag should lay down the foundation towards performing RNA–protein interaction(s),
especially for structure-function studies and towards understanding molecular intricacies during
MMTV gRNA packaging and assembly processes.
Keywords: retrovirus; mouse mammary tumor virus (MMTV); RNA–protein interaction; protein
assembly; protein expression; protein purification; RNA packaging; RNA–Gag interactions; Pr77Gag
1. Introduction
The mouse mammary tumor virus (MMTV) is an oncogenic retrovirus that causes both breast
cancer and lymphoma/leukemia in mice. It can be transmitted to the progeny exogenously
through the breast milk or vertically through the germline as endogenous viruses [1–4]. This makes
MMTV a suitable model for studying the mechanism of oncogenesis and the genetics involved
in the development of mammary tumors [5,6]. Furthermore, it has unique genetic properties
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that make MMTV a desirable vector system for delivering therapeutic genes in human gene
transfer studies. The advantages of MMTV-based vectors include: (i) being phylogenetically distinct
from human and primate retroviruses, reducing the chances of recombination with endogenous
human viruses; (ii) an ability to transduce non-dividing cells, the main target cells of human gene
therapy [7]; (iii) containing multiple promoters and steroid responsive elements, allowing inducible
and tissue-specific gene expression [7–10]; and (iv) encoding a unique post transcriptional regulatory
system that can enhance gene expression [11–15].
Unlike the lentiviruses that are assembled at the plasma membrane, MMTV is a Betaretrovirus that
displays a type B morphology [16] during replication where intracellular virus particles can be observed.
Little is known about how the virus particle is assembled and in particular, the molecular mechanisms
of MMTV genomic RNA (gRNA) packaging—a process that allows the virus to incorporate two
copies of its single-stranded RNA genome into the assembling virus particle [17–24]. Retroviral RNA
packaging requires specific interactions between both the gRNA and viral structural proteins,
in particular Gag [25–28]. Like most retroviruses, an early study suggested that MMTV harbors
sequences responsible for gRNA packaging at the 5′ end of its genome [29]. Recently, employing an
in vivo packaging and transduction assay developed in our laboratory [30], we have shown that the 5′
untranslated region (5′ UTR) and the first 120 nucleotides (nts) of the gag gene are required for efficient
MMTV gRNA packaging and propagation [31]. To establish the structural basis of MMTV gRNA
packaging, these sequences were folded using minimum free energy algorithm programs like Mfold
and RNAstructure [32,33]. The folding predictions of these sequences revealed a higher order structure
comprising of several structural motifs, which could be involved during MMTV gRNA packaging [34].
Later, this structure was validated by SHAPE (selective 2′-hydroxyl acylation analyzed by primer
extension), and the structure-function relationship of various structural motifs during MMTV gRNA
packaging and dimerization was established [34]. Furthermore, it was established that there is a
structural motif known as single-stranded purines (ssPurines) in the form of an apical loop which
has been proposed to be the potential primary Gag binding site during the process of MMTV gRNA
packaging [34].
Retroviral Gag polyproteins comprise of several domains that form the structural elements of
the viral particle. Of these, the major domains are the matrix (MA), capsid (CA) and nucleocapsid
(NC). The NC serves as the key player in selective gRNA packaging. It is a highly basic protein
containing zinc finger motifs to facilitate protein-RNA interactions [17,35]. By conducting mutational
analysis, it has been established that the Gag NC domain of number of retroviruses is the most vital
protein domain involved in the gRNA packaging process [36–40]. However, other Gag domains may
also be important for facilitating Gag-RNA interactions, such as the MA [41], CA [42], the p2 spacer
peptide between CA and NC [43–45], and, in the case of HIV-1, the terminal p6 late domain [46].
Additionally, it has been suggested that NC probably recognizes dimeric genomes, since dimerization
is a prerequisite for RNA packaging [47,48]. This interaction is thought to initiate a cascade of events
that leads to the oligomerization/multimerization of the Gag polyprotein using gRNA as the substrate,
which eventually leads to packaging of the gRNA into the newly forming virus particles. A number of
studies have shown that specific selection of gRNA over the cellular and spliced RNAs is a multifaceted
phenomenon that has been shown to occur in the context of the whole Gag polyprotein, especially in
the case of HIV-1 [25–28]. Hence, it is not surprising that our limited understanding towards the
highly selective packaging of gRNA by retroviral particles is predominantly due to the unavailability
of biologically active full-length Gag polyprotein.
The MMTV Pr77Gag, encoded by the gag gene, is a precursor polypeptide, processed by the viral
protease into its constituent domains NH2-p10 (MA), pp21, p3, p8, n, p27(CA), and p14(NC)-COOH [49,50].
Like most retroviruses, the MMTV Pr77Gag assembles into an immature capsid and the proteolytic
maturation takes place coupled with release from the cell [51,52]. The Pr77Gag polyprotein plays a key
role in selectively packaging the full length unspliced gRNA from a pool of cellular and spliced RNAs
during viral assembly. The precise mechanism(s) by which Pr77Gag accomplishes this specific selection
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is yet to be established. For example, it remains rather ambiguous whether the binding of Pr77Gag to
gRNA is based on an intrinsic capability of the polyprotein that allows specific selection of gRNA over
its spliced variants, or whether other steps in the retroviral life cycle such as the nucleo-cytoplasmic
transport and cellular compartmentalization of gRNA are also involved in discriminating gRNA during
encapsidation process, as has been suggested for HIV-1 [53–59]. Thus, to delineate the molecular
mechanism of MMTV gRNA packaging, it is critical to understand the biophysical and biochemical
properties of full length Pr77Gag. However, the expression and purification of the biologically active
MMTV full-length Pr77Gag has not been accomplished in bacteria, although certain other MMTV
proteins have been successfully purified after being expressed in bacteria, such as the gag-pro transframe
protein p30 and reverse transcriptase [60,61].
In this study, we report the successful expression and purification of large amounts of full-length
Pr77Gag in soluble fractions of Escherichia coli (E. coli) containing a hexa-histidine (His6) tag at
C-terminus. The purified MMTV Pr77Gag could assemble in vitro into virus-like particles (VLPs),
form intracellular VLPs in bacteria and eukaryotic cells, and most importantly, successfully package
MMTV RNA. Thus, efficient expression and purification of full-length Pr77Gag should allow us
to investigate the differential binding ability of this protein to the unspliced full-length gRNA
during selective RNA packaging process. This should additionally widen our understanding of
the mechanisms of RNA–protein interaction(s) involved in gRNA packaging during MMTV life cycle.
2. Materials and Methods
2.1. Nucleotide Numbers
All nucleotide numbers in this study refer to the MMTV genome pertaining to Genbank accession
number AF228550.1 [62].
2.2. Full-Length Recombinant Gag Prokaryotic Expression Plasmids
MMTV full-length gag gene (Pr77Gag; nucleotides 1485–3260) was commercially synthesized
(Macrogen, South Korea) with flanking NcoI and XhoI sites and cloned into the bacterial expression
vector pET28b(+) (Figure 1). Since the gag gene contain an inherent NcoI site at nt 2389, a silent
mutation was created at this site by introducing a one nucleotide modification (ACCATGG was
changed to ACTATGG, while maintaining the amino acid threonine, encoded by the italicized codon),
resulting in only one NcoI site, to facilitate the cloning process. Using NcoI and XhoI sites during
cloning resulted in placing the gag sequences in-frame with a hexa-histidine sequence that allowed the
addition of a His6-tag at the C-terminus of recombinant Pr77Gag protein with a predicted molecular
weight of 65,890 Da, creating a molecular clone, AK1 (Figure 1). AK1 was further modified in such
a fashion that a potential N-terminal-truncated protein from a second in-frame AUG, located at nts
1674–1676, is not expressed. Towards this end, a region harboring the Shine-Dalgarno-like sequence
(underlined; 5′ AAAAGGGTAGGAAGAGAAATG 3′), located four nucleotides upstream of the
second in-frame AUG [63] was silently mutated and the substituted nucleotides are underlined and
shown in bold (5′ AAGCGCGTGGGCCGCGAGATG 3′) without disrupting the amino acid sequence.
These modifications generated the prokaryotic expression plasmid, AK7. AK7 was further modified by
introducing a stop codon at the end of the gag sequence to create AK31 in a fashion that it expressed
the full-length MMTV Pr77Gag without the His6-tag. The resultant clones were sequenced to ensure
that they were devoid of any mutations.
2.3. Full-Length Recombinant Gag Eukaryotic Expression Plasmids
The MMTV gag genes cloned into the prokaryotic expression vector (both with and without
the His6-tag) was re-cloned into the eukaryotic expression vector, pCDNA3, using polymerase
chain reaction (PCR). Towards this end, the same forward primer OTR1333 was used along
with the reverse primer, OTR1335 that introduced the His6-tag at the end of gag gene using
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the template AK7. In order to introduce an XhoI restriction site (italicized) for cloning
purposes and the Kozak sequences (underlined) at the 5′ end of the gag gene, an OTR1333
(5′ CCG CTCGAGGCCGCCACCATGGGGGTCTCGGGCTCAAAA 3′) forward primer was employed.
Employing similar strategy for introducing the His6-tag (underlined) just upstream of the gag
stop codon, followed by an XhoI endonuclease site (italicized) OTR1335 (5′ CCGCTCGAGTTA
GTGGTGGTGGTGGTGGTGCAAGTTTTTTGA ATTTTCAGTATTAGTTTC 3′) was used. In order
to create a eukaryotic Gag expression plasmid which did not contain the His6-tag but did contain
an XhoI restriction site (italicized) immediately downstream of the stop codon, the reverse primer
OTR1322 (5′ CCGCTCGAGTTA CAAGTTTTTTGA 3′) was used. PCR was performed as follows: Initial
denaturation at 98 ◦C for 30 s, then 15 cycles of denaturation at 98 ◦C for 10 s, primer annealing at
62 ◦C for 30 s, followed by primer extension at 72 ◦C for 30 s and a final extension at 72 ◦C for 10 min.
The amplified products were digested with XhoI endonuclease and cloned into pCDNA3 previously
digested with the XhoI to create clones AK9 and AK10 (with and without His6-tag, respectively).
Finally, to ensure proper nuclear export and translation of Gag mRNA, a PCR-amplified fragment
containing the MPMV constitutive transport elements (CTE; [30,63]) with flanking XbaI sites was cloned
into AK9 and AK10 previously digested with XbaI generating clones, AK13 and AK14. All clones were
confirmed by sequencing.
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Figure 1. Construction of the recombinant full-length Pr77Gag bacterial expression vector. (A) Domain
organization of the mouse mammary tumor virus (MMTV) Gag precursor with His6-tag; (B) Nucleic
acid and amino acid sequences of full-length MMTV gag gene. An internal NcoI site (boxed in blue
color) was removed by introducing a silent mutation (shown in the inset) that preserved the threonine
(Thr) amino acid. The Shine-Dalgarno-like sequence and second in-frame ATG are highlighted by
green color; (C) Schematic representation of bacterial expression plasmid AK1 containing full-length
MMTV Pr77Gag gene cloned into the NcoI and XhoI sites of the pET28b(+) vector.
Viruses 2018, 10, 334 5 of 20
2.4. Escherichia coli Strains and Growth Media
The cloning of different expression plasmids was performed using the DH5α strain of E. coli using
the conventional heat shock protocol with appropriate antibiotics (kanamycin; 50 µg/mL, ampicillin;
100 µg/mL). For prokaryotic protein expression, clones AK1, AK7, and AK31 were transformed into
the BL21(DE3) strain of E. coli, cultured in Luria-Bertani (LB) medium (1% (w/v) peptone, 0.5% (w/v)
yeast extract, and 0.5% NaCl) supplemented with kanamycin (50 µg/mL).
2.5. Expression of Recombinant Full-Length Pr77Gag-His6-Tagged Protein in Bacteria
For large scale expression of recombinant Pr77Gag-His6-tag protein, a single colony of transformed
E. coli BL21(DE3) cells was inoculated into 50 mL of LB media containing kanamycin antibiotic
(50 µg/mL), then cultured at 37 ◦C overnight with agitation at 200 rpm. The overnight culture was
sub-cultured into 500 mL LB supplemented with the same concentration of kanamycin and 1% glucose
in 2-L baffled flasks. The cultures were allowed to grow at 28 ◦C till an OD600 of 0.6 was achieved.
Cultures were then induced with 0.4 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) and the
cells were grown for an additional 4 h at 28 ◦C. Cells were pelleted by centrifugation at 4 ◦C for 15 min
at 6300× g and stored at −80 ◦C until processed.
2.6. Affinity Purification and Gel Filtration Chromatography
Purification of the recombinant Pr77Gag-His6-tag protein was carried out as previously
described [46,64,65]. Frozen bacterial pellets were lysed in chilled CelLytic B buffer (Sigma-Aldrich,
Saint Louis, MO, USA) supplemented with 5 U/mL Benzonase (Merck, Kenilworth, NJ, USA),
0.2 mg/mL of lysozyme (Sigma-Aldrich), and 1× ethylenediaminetetraacetic acid (EDTA) free protease
inhibitor (Roche, Basel, Switzerland). The lysate was then centrifuged at 48,000× g for 1 h at 4 ◦C
and the 4× binding buffer (0.2 M Tris-HCl of pH 8.0, 4.0 M NaCl, 40 mM β-mercaptoethanol, 10 mM
dithiothreitol, 100 mM imidazole, 0.4% (w/v) Tween-20) was used to dilute the supernatant to a final
concentration of 1×. Prior to loading onto 5 mL HisTRAP fast flow (FF) column (GE Healthcare,
Little Chalfont, UK) which was pre-equilibrated with a buffer (with 50 mM Tris-HCl (pH 8.0), 1.0 M
NaCl, 10 mM β-mercaptoethanol, 2.5 mM dithiothreitol, 25 mM imidazole, 0.1% (w/v) Tween-20,
and 10% (v/v) glycerol), the lysate was filtered through a 0.4 µm polyethersulfone (PES) syringe filter.
After loading the filtrate, the column was washed with the same buffer except for increasing the
concentration of imidazole to 50 mM and the protein that bound to the column was eluted with buffer
containing 250 mM imidazole.
The HisTRAP FF eluted Pr77Gag-His6-tag protein was concentrated using Amicon Ultra
15 column (with a 30 kDa cut-off) (Merck) for fractionation by gel filtration/size exclusion
chromatography using a Superdex 200 increase 10/300 GL column (GE Healthcare) which was
equilibrated with 50 mM Tris-HCl (pH 8.0) and 1.0 M NaCl. Peak fractions were analyzed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fractions containing
Pr77Gag-His6-tag protein were pooled and stored at −80 ◦C for downstream processing. The purity of
the protein was established by measuring the absorbance ratio at 260 and 280 nm.
2.7. Expression of Recombinant Full-Length Pr77Gag-His6-Tagged Protein in Eukaryotic Cells
The expression of Gag in eukaryotic cells was monitored in transient transfections using calcium
phosphate kit (Invitrogen, Carlsbad, CA, USA) in HEK 293T cells. The transfections were carried out in
triplicates in 6-well plates using 4 micrograms (µg) of full-length Gag eukaryotic expression plasmids
(AK13 or AK14) along with 2 µg of MMTV-based transfer vector, DA024 [30]. To monitor transfection
efficiencies, a secreted alkaline phosphatase expression plasmid (pSEAP, at a concentration of 100 ng
per well) was also included in the transfections. Approximately 72 h post transfection, supernatants
from the transfected cultures were harvested and subjected to low-speed centrifugation (3700× g for
10 min) to clear cellular debris. The clarified supernatants were then filtered through 0.2 µm cellulose
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acetate syringe filters, and subjected to ultracentrifugation at 70,000× g with a 20% (w/v) sucrose
cushion to pellet the VLPs. The pelleted VLPs were then resuspended in TN buffer (20 mM Tris-HCl,
pH 7.4, 150 mM NaCl) and subjected to RNA extraction (TRIzol) and western blotting.
2.8. Estimation of RNA Packaging Potential by Reverse Transcriptase PCR
Packaging of MMTV RNA into the Gag-VLPs was tested by RT-PCR. Both cytoplasmic and viral
RNA preparations were DNase-treated with TURBO DNase (Invitrogen) and amplified using transfer
vector (DA024)-specific primers OTR671 (5′ GTCCTA ATATTCACGTCTCGTGTG 3′) and OTR672
(5′ CTGTTCGGGCGCCAGCTGCCGCAG 3′) to confirm the successful removal of contaminating
plasmid DNA in the extracted RNA preparations. The cDNA synthesis from the DNased-RNAs was
accomplished using random hexamers (5′ NNNNNN 3′) and MMLV reverse transcriptase (Promega,
Madison, WI, USA) as previously described [66,67]. To monitor the ability of Pr77Gag VLPs to
package transfer vector (DA024) RNA, complementary DNAs (cDNAs) were amplified using the
same vector-specific primers (OTR671 and OTR672).
2.9. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Western Blotting
SDS-PAGE and western blotting were used to monitor the expression and purification of
recombinant Pr77Gag-His6-tag protein. Protein samples were analyzed on 4–12% ExpressPlusTM
PAGE gel (GenScript, Piscataway, NJ, USA), electrophoresed under reducing conditions using
3-(N-morpholino)propanesulfonic acid (MOPS) buffer (GenScript), and stained with Coomassie
Brilliant Blue. For western blot analyses, duplicate gels were transferred onto nitrocellulose membranes
and probed with α-MMTV p27 CA monoclonal antibody Blue 7 [68] and an α-His6 monoclonal
antibody-horseradish peroxidase (HRP) conjugate (Sigma-Aldrich).
2.10. Detection of Prokaryotically-Expressed Virus-Like Particles Using Transmission Electron Microscopy
To observe VLPs formed by recombinant Pr77Gag-His6-tag protein in bacterial cells (following
IPTG induction), the pelleted cells were washed with 0.1 M phosphate buffered saline (PBS) and
fixed in Karnovsky’s fixative overnight. Cell pellets were then stained with 1% osmium tetroxide and
subjected to graded ethanol dehydration. The pellets were then embedded in epoxy resin (Agar 100).
Ultrathin (95 nm) sections of the embedded samples were fixed on 200 mesh copper (Cu) grids and
negatively stained with 1% uranyl acetate and lead citrate as a double stain. The sections were analyzed
using a FEI Tecnai Biotwin Spirit G2 transmission electron microscope.
2.11. In Vitro Assembly of Virus-Like Particles from Bacterially-Expressed Recombinant Full-Length
Pr77Gag-His6-Tag Protein
The purified recombinant Pr77Gag-His6-tag protein expressed in bacteria was resuspended in
assembly buffer (50 mM Tris (pH 7.4), 1.0 M NaCl) at a concentration of 2 mg/mL and incubated with
yeast tRNA at a nucleic acid to protein ratio of 4% (w/w). This mix was placed in a Slide-A-Lyzer
10K dialysis cassette G2 (Thermo Scientific, Waltham, MA, USA) and dialyzed against dialysis buffer
(20 mM Tris (pH 7.4), 150 mM NaCl and 10 mM dithiothreitol) overnight at 4 ◦C. Following overnight
dialysis, ~8–10 µL of the dialyzed solution was spotted onto a carbon-coated formvar grid (Proscitech,
Kirwan, Australia), air dried, and stained with 1% uranyl acetate for observation using transmission
electron microscopy (TEM).
3. Results and Discussion
3.1. Successful Expression of Full-Length Recombinant MMTV Pr77Gag-His6-Tagged Protein in Bacteria
For the expression of full-length MMTV Pr77Gag which contained a C-terminus His6-tag,
a recombinant bacterial expression plasmid (AK1; Figure 1) was generated. High level expression of
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His-tagged MMTV Pr77Gag with a predicted molecular weight of ~65,890 Da in BL21(DE3) bacterial
cells was achieved by induction with IPTG (Figure 1).
The expression of the recombinant Pr77Gag-His6-tagged protein in total bacterial lysates was
monitored at 0, 2, 4, and 18 h post induction, by SDS-PAGE (Figure 2). Bands corresponding to the size
of recombinant Pr77Gag-His6-tagged protein (70 kDa) were observed only in the IPTG induced cultures
at 2, 4, and 18 h (Figure 2, lanes 5, 7, and 9) but not in cultures at 0 h (lane 3) or un-induced cultures at 2,
4, and 18 h (Figure 2, lanes 4, 6, and 8), as well in cultures transformed with only pET28b(+) expression
vector (Figure 2, lane 2). This is despite the presence of the “poison sequences” present in Gag that
are presumably “toxic” for bacteria [69]. It is possible that we did not see the effect of these poison
sequences due to the inducible and suboptimal nature of our expression system, allowing the bacteria
to survive for short periods under these conditions.
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Figure 2. Expression of recombinant Pr77Gag-His6-tag fusion protein in Escherichia coli (E. coli).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis showing full length
Pr77Gag-His6-tag fusion protein expressed from AK1 in total bacterial cell lysates at 0, 2, 4, and 18 h
post IPTG-induction and un-induced BL21(DE3) bacterial cells. The bacterial cells were grown at
37 ◦C overnight, but following IPTG induction, cultures were grown sub-optimally at 28 ◦C. MW:
molecular weight.
3.2. Full-Length MMTV Pr77Gag-His6-Tagged Fusion Protein Is Expressed in the Soluble Form in Bacteria
N xt, we wanted to establish whe her the recombinant MMTV Pr77Gag-His6-tagged fusion
prot in was expr ssed in the soluble bacterial fraction so th t it could be purified. Towards th s end,
the large-scale expression of recombi ant MMTV Pr77Gag was performed at sub-optimal conditions
such as low temper ture (28 ◦C) and shorter duration (4 h only) as described i Mat ials and Methods.
This was based on the earlier observations that in case of Mason-Pfizer monkey virus (MPMV) Pr78Gag,
culturing bacteria at 37 ◦C post-induction resulted in the confinement of MPMV Gag polyprotein in
the inclusion bodies containing aberrantly assembled spiral like structures [70]. Removal of insoluble
material (cell debris and/or inclusion bodies) was accomplished by centrifugation of the bacterial
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lysates. The soluble fractions from different cultures were analyzed for the expression of full-length
MMTV Pr77Gag-His6-tag fusion protein.
As expected, SDS-PAGE analysis of the soluble fraction revealed a very distinctive band of
~70 kDa which corresponded to the size of recombinant MMTV Pr77Gag-His6-tag fusion protein
(Figure 3A; lane 4). Immunoblotting on AK1 un-induced culture lysates using α-His6 monoclonal
antibody as well as α-MMTV p27 monoclonal antibody also showed low level expression of MMTV
Pr77Gag-His6-tag fusion protein (Figure 3B,C; lane 3). Such low level expression in the un-induced
culture could possibly be due to the leaky nature of the bacterial promoter (discussed later).
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Figure 3. Recombinant Pr77Gag-His6-tag fusion protein expressed in soluble fraction of E. coli.
(A) SDS-PAGE analysis showing recombinant MMTV Pr77Gag-His6-tag fusion protein expression
in the bacterial soluble fraction (lane 4) transformed with AK1; (B) western blot analysis of MMTV
Pr77Gag expression by AK1 in soluble fraction analyzed with an α-His6 monoclonal antibody (lane 4);
and (C) with an α-p27 monoclonal antibody (lane 4), respectively.
Immunoblotting on IPTG induced soluble fractions usi g HRP-conjugated α-His6 monoclonal
antibody (Figur 3B; lane 4) as well as α-MMTV p27 monocl nal antibody (Figure 3C; lane 4) confirmed
the iden ity of the ~70 kDa band; however, another band of a slightly lower molecular weight
was also observed. Careful analysis of the MMTV full-l ngth gag sequence suggested that the
second band could be due to the expression of a truncated protein from a second in-frame UG
(nts 1674–1676) located 189 nts downstream fro the canonical AUG (nts 1485; Figure 4A). Expression
of the truncated Gag protein from this internal AUG was possibly facilitated by the presence of a
Shine-Dalgarno-like sequence (AGGAAG; Figure 4A), located 4 nts upstream of the in-frame second
AUG [71]. This was confirmed by calculating the relative translation rates from both the first AUG as
well as from the second in-frame AUG employing an online program called RBS Calculator v2.0 [72,73].
Relative translational rate analysis revealed that the predicted translation rate from the first AUG
was 2960 arbitrary units (au), whereas that from the second in-frame AUG was 1198 au (Figure 4B).
Such a predicted translation rate corroborated well with the level of intensities of the bands following
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immunoblotting with the truncated protein being expressed approximately 1/3rd of the level of the
full-length Gag (Figure 3B,C; lane 4). To eliminate expression from the second AUG, we introduced
silent mutations in the 18 nts region (1656–1673) that included the Shine-Dalgarno-like sequence
(AGGAAG), resulting in its disruption (from AGGAAG to GGGCCG), but without changing the amino
acids sequence (Figure 4A). These changes reduced the predicted translation rate from the second
in-frame AUG to almost negligible levels (from 1198 to 7.3 au; Figure 4B).
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Figure 4. Silent mutations in the Shine-Dalgarno-like sequence and the predicted relative translation
rates from the first and the second in-frame ATGs. (A) Illustration of the 18-nucleotide region mutated
in MMTV gag gene to disrupt the Shine-Dalgarno-like sequence (underlined) 4 nts upstream of the
second in-frame ATG (at nucleotide position 1674). These mutated sequences were cloned in both
with and without His-tag clones AK7 and AK31, respectively; (B) Bar graphs showing the predicted
translation rates from the legitimate first start codon and the second in-frame start codon in the wild
type and in AK7(His+) and AK31(His−)-containing a mutated Shine-Dalgarno-like sequence.
Next, the modified full-length gag gene was cloned into pET28b(+) bacterial expression vector to
generate the final clone, AK7 that was tested further. Since earlier we had observed that the pET T7
promoter may be leaky (Figure 3B,C; lane 3), AK7 was cultured in the presence of glucose, as described
previously to inhibit promoter leakiness [74]. As expected, results shown in Figure 5 further confirm
that the recombinant Pr77Gag-His6-tagged fusion protein was observed only in the induced culture and
not in the un-induced culture (Figure 5A–C; lane 2). Consistent with the predicted relative translation
rates, immunobl tting of bacterial soluble fractions from AK7 using α-His6 monoclonal a tibody
as well as α-MMTV p27 monoclonal antibody reveale that mutation of the Shine-Dalgarno-like
sequence was sufficient to disable the expression of the truncated Pr77Gag-His6-t g fusion protein
(Figure 5B; lane 3 and Figure 5C; lane 3). Finally, in addition to the desired Pr77Gag-His6-tag fusion
protein, some spurious bands were also observed in immunoblots using α-MMTV p27 monoclonal
antibody (Figure 5C; lane 3). These nonspecific bands could be due to the possible degradation of
our recombinant protein and could be removed following size exclusion chromatography (described
later). Taken together, these results clearly demonstrate that the MMTV recombinant Pr77Gag-His6-tag
protein could be expressed primarily in the soluble fraction of bacterial lysates.
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Figure 5. Expression of recombinant Pr77Gag-His6-tag fusion protein from AK7 in soluble fractions of
E. coli before and after immobilized metal affinity chromatography (IMAC) purification. (A) SDS-PAGE
analysis showing recombinant MMTV Pr77Gag-His6-tag fusion protein expressed in the bacterial
soluble fractions transformed with AK7 (lane 3), followed by IMAC purification (lane 4); (B) western
blot analysis of MMTV Pr77Gag-His6-tag fusion protein analyzed with an α-His6 monoclonal antibody;
and (C) with α-p27 monoclonal antibody, respectively.
3.3. Immobilized Metal Affinity Chromatography Purification of the Soluble Fraction Containing Recombinant
Full-Length Pr77Gag-His6-Tagged Fusion Protein
After establishing that the expressed recombinant Pr77Gag-His6-tag protein was present in the
soluble fraction, purification of the recombinant Pr77Gag-His6-tag protein from the bacterial lysate
was performed by employing immobilized metal affinity chromatography (IMAC), as described in
Materials and Methods. The non-denaturing buffering conditions (especially the presence of 1.0 M
NaCl) were used to facilitate the binding of the protein to the column and to circumvent protein
aggregation and precipitation. Following IMAC purification the purity of the recombinant MMTV
Pr77Gag-His6-tag protein was established by SDS-PAGE and immunoblotting. Coomassie Brilliant
Blue staining of the gels revealed hat the bacterial proteins that were largely p sent i the soluble
fraction before IMAC purification were removed during IMAC purification (Figure 5A; comp re lane 3
with lane 4). Immunoblotting of IMAC-purified protein with α-His6 (Figure 5B; lane 4) and α-MMTV
p27 monoclonal antibodies (Figure 5C; lane 4) still showed several additional bands, possibly due
to degradation of the fusion protein (Figure 5C) which were successfully removed following size
exclusion chromatography (described later). These results confirm that the presence of His6-tag at the
C-terminus of MMTV full-length Gag not only allowed its binding to the HisTRAP column but also
facilitated elution in a much purer form (Figure 5A; compare lane 3 with lane 4).
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3.4. Gel Filtration Chromatography Purification of the IMAC-Purified Recombinant Full-Length
Pr77Gag-His6-Tagged Fusion Protein
The protein eluted after IMAC purification was concentrated using an Amicon Ultra 15 centrifugal
columns (30 kDa cut-off membrane). Further purification of the protein was carried out by size
exclusion chromatography under non-denaturing conditions using a Superdex 200 10/300 GL column.
The high salt concentration in the gel filtration buffer (1.0 M NaCl) prevented any possible protein
aggregation and precipitation. 500 µL fractions were collected for several hours (Figure 6A) and
protein fractions showing strong absorbance at 280 nm (fractions 23–27) were subjected to SDS-PAGE
and western blot analyses.
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As shown in Figure 6B, fractions corresponding to the sharp peak consisted of pure MMTV 
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additional band of a smaller size, only fractions representing the highest amount of pure protein 
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Figure 6. Resolution of IMAC-purified recombinant Pr77Gag-His6-tag fusion protein by size exclusion
chromatography and western blot analysis. (A) Absorbance versus elution time chromatogram of eluted
fractions after size exclusion chromatography; (B) Coomassie Brilliant Blue-stained SDS-PAGE analysis
of peak fractions 23 to 27, showing the resolution of purified recombinant MMTV Pr77Gag expressed
from AK7; (C) western blot analysis of pooled peak fractions of purified MMTV Pr77Gag-His6-tag
fusion protein analyzed with α-His6 and α-p27 monoclonal antibodies, respectively.
As shown in Figure 6B, fractions corresponding to the sharp peak consisted of pure MMTV
Pr77Gag-His6-tag fusion protein with varying amounts of protein. Since fractions 26 and 27 showed
an additional band of a smaller size, only fractions representing the highest amount of pure protein
(peaks 24 and 25; Figure 6B) were pooled, concentrated and further analyzed by immunoblotting
using α-MMTV p27 and α-His6 monoclonal antibodies. Figure 6C, in close corroboration with the
observed SDS-PAGE analysis (Figure 6B), demonstrated that the pooled protein fractions contained
Viruses 2018, 10, 334 12 of 20
pure MMTV Pr77Gag-His6-tag fusion protein. The purity of the protein was assessed to be greater than
95% as measured by the A260/A280 ratio by spectrophotometry (giving a value of 0.6), confirming that
the purified protein contains only an insignificant level of nucleic acid contamination. From one liter
of bacterial culture, ~4.4 mg protein was obtained after IMAC purification. When IMAC purified
protein (4.4 mg) was subjected to gel filtration/size exclusion chromatography ~1.4 mg purified protein
was recovered.
3.5. In Vitro Assembly to Form Virus-Like Particles by the Recombinant Full-Length Pr77Gag-His6-Tagged
Fusion Protein
The ability of a number of retroviral recombinant full-length Gag proteins to assemble in vitro
to form VLPs have already been established [46,65,75,76]. Thus, we analyzed the in vitro assembling
ability of our purified recombinant MMTV Pr77Gag-His6-tag fusion protein expressed from AK7.
The in vitro assembly experiment was carried out in the presence of yeast tRNA since the presence
of nucleic acids along with purified Gag protein has been shown to be a prerequisite for in vitro
assembly of VLPs [46,65,75,76]. The protein-RNA mixture in a higher salt concentration buffer
(1 M NaCl) was then subjected to dialysis against a buffer with physiological salt concentration.
A sample with only yeast tRNA was also dialyzed in the same manner as a control. After overnight
dialysis, the protein-RNA mixture was recovered from the dialysis cassette and 10 µL (~1/40th of the
suspension) was spotted on a formvar carbon coated grids, and processed for TEM.
VLPs of approximately 62–66nm in size resembling immature virus particles were observed
in various electron micrographs taken from different fields (Figure 7A–D). In contrast, as expected,
yeast tRNA alone without any purified MMTV full-length Gag did not show any VLP-like structure
(Figure 7E,F). Earlier studies have reported a smaller size VLPs (~20–30 nm) obtained following
in vitro assembly using purified full-length Gag from HIV-1 and feline immunodeficiency virus
(FIV; [46,65,75,76]) in contrast to the larger size of full-length Gag particles that have been observed
in vivo in eukaryotic cells. However, in our case, the size of in vitro assembled VLPs are comparable
to those observed in E. coli (discussed below) and suggest a unique property of MMTV, making this
virus particularly interesting for in vitro assembly studies.
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Figure 7. Transmission electron micrographs showing virus-like particles (VLPs) following in vitro
assembly. (A–D) In vitro assembled VLPs from purified recombinant Pr77Gag-His6-tag fusion expressed
from AK7 in the presence of yeast tRNA; and (E,F) negative controls consisting of assembly buffer and
yeast tRNA in the absence of any protein (Scale bar = 50 nm, 135,000×magnification).
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Prior to in vitro assembly, the protein was frozen and then thawed. The efficient formation of
VLPs suggests that the biophysical activity of purified protein remained intact following a freeze-thaw
cycle. From these experiments, it is clear that the purified MMTV recombinant full-length Gag-His6-tag
fusion protein maintained its multimerizing/oligomerizing ability and assembled in vitro to form
VLPs as reported previously in the case of HIV-1 and FIV [46,65,75,76].
3.6. Recombinant Full-Length MMTV Pr77Gag-His6-Tagged Protein Expressed in Bacteria Can Form
Virus-Like Particles
The formation of VLPs by several retroviral Gag proteins expressed in bacteria has already been
established [70,77–80]. Therefore, the ability of our recombinant MMTV Pr77Gag proteins (both with
and without the His6-tag), to assemble into VLPs was analyzed. TEM was performed on bacterial
samples transformed with full-length MMTV Gag recombinant clone AK7 (with His6-tag) and AK31
(without His-tag) and cultured at 28◦C post-IPTG induction. Ultrathin sections (95 nm) of the bacterial
pellets were negatively stained with 1% uranyl acetate followed by lead citrate and visualized on
TEM. Electron micrographs of E. coli BL21(DE3) cells transformed with both AK7 and AK31 showed
intra-cytoplasmic electron dense rings of ~55–70 nm in size, closely resembling immature VLPs
(Figure 8A,B). As expected, no VLPs were observed in un-induced bacterial cells that were transformed
with either the AK7- or in AK31 expression plasmids (Figure 8C,D). Similarly, no such VLP structures
were observed when the cloning vector by itself was transformed into BL21 (DE3) cells and induced
with IPTG (data not shown). These results suggest that when expressed in bacteria, full-length
MMTV Gag proteins either with or without the His6-tag were capable of forming morphologically
indistinguishable VLPs (Figure 8A,B).
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Finally, we determined the in vivo expression and RNA packaging potential of MMTV Gag 
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AK13 (with His6-tag) and AK14 (without the His6-tag) (Figure 9A; upper panel). To ensure 
Figure 8. Formation of VLPs by recombinant Pr77Gag-His6-tag fusion in E. coli BL21(DE3). Transmission
electron micrographs showing VLPs assembled from (A) recombinant Pr77Gag-His6-tag fusion
expressed in E. coli BL21(DE3) cells transformed with AK7 and (B) AK31 (without His6 tag);
(C,D) un-induced BL21(DE3) cells transformed with AK7 and AK31, respectively (Scale bar = 100 nm;
60,000×magnification).
3.7. Eukaryotically-Expressed, Full-Length Recombinant Pr77Gag His6-Tagged Fusion Protein Can Form
Virus-Like Particles Competent to Package Unspliced Sub-Genomic RNA
Finally, we determined the in vivo expression and RNA packaging potential of MMTV Gag
recombinant proteins in eukaryotic cells. Towards this end, both the His(+) and His(−) versions of the
full-length MMTV gag gene were cloned into eukaryotic expression plasmid CDNA3, creating AK13
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(with His6-tag) and AK14 (without the His6-tag) (Figure 9A; upper panel). To ensure appropriate
nuclear export and translation of the MMTV Pr77Gag mRNA, a 231-nucleotide long MPMV CTE was
cloned downstream of the MMTV Gag stop codon in both of these clones (Figure 9A upper panel).
The MPMV CTE has previously been shown to be required for the successful expression of the MMTV
gag/pol genes from eukaryotic expression vectors in the absence of a functional MMTV Rem/RmRE
transport system [30]. These full-length Gag expression plasmids were tested for their ability to
package MMTV sub-genomic RNA expressed from the transfer vector DA024 by co-transfection into
the highly efficient HEK 293T cells, as described before [30].
Western blot analysis of cell lysates revealed successful expression of recombinant MMTV
Pr77Gag protein by both the His(+) and His(−) plasmids, AK13 and AK14, respectively (Figure 9B;
panel I). These expressed proteins could form VLPs, as detected by their presence in the supernatants
pelleted via ultracentrifugation followed by immunoblotting with α-MMTV p27 monoclonal antibody
(Figure 9B; panel III). These data reveal that the inclusion of His6-tag at the C-terminus of MMTV
full-length Pr77Gag did not impinge upon the expression of recombinant full-length MMTV Pr77Gag,
resulting in the formation of Gag VLPs in the eukaryotic cells.
To establish whether Gag VLPs formed by the recombinant MMTV full-length Pr77Gag can
package MMTV sub-genomic RNA, RNAs from the cytoplasmic fractions of HEK293T cells as well as
from the pelleted viral particles were extracted. The RNA preparations were DNase-treated to remove
any contaminating plasmid DNA that may have been carried over from the transfected cultures.
After confirming the absence of plasmid DNA by PCR using transfer vector RNA-specific primers
(OTR671 and OTR672; data not shown), the DNased-RNAs were converted into cDNAs. Furthermore,
the integrity of nucleocytoplasmic fractionation was ensured by testing for the absence of unspliced
β-actin mRNA in the cytoplasmic fractions by RT-PCR, as described previously ([30]; data not shown)).
Next, expression of the transfer vector (DA024) RNA was analyzed in the cytoplasmic fractions by
RT-PCR, which ensured that these RNAs were stably expressed and exported to the cytoplasm so
that they can function as competent substrates for RNA packaging in the assembling virus particles
(Figure 9B; panel IV).
Finally, the ability of the VLPs formed by the recombinant MMTV Pr77Gag-His6-tag fusion protein
(AK13) as well as without His-tag (AK14) to package the DA024 transfer vector RNA was analyzed
by preparing cDNAs from the RNA isolated from the pelleted VLPs. Finally, the relative packaging
efficiency of the VLPs was assessed by employing the custom-designed Taqman gene expression
assay previously used by our group to quantitate MMTV RNA packaging [31,34]. Results shown
in Figure 9C confirm that both His(+) and His(−) Gag VLPs could successfully package MMTV
sub-genomic RNA into the virus particles and in proportion to the amount of corresponding Gag
VLPs (Figure 9B; panel III). These results suggest that the recombinant MMTV Pr77Gag-His6-tag fusion
protein expressed in eukaryotic cells is biologically active, resulting in the formation of VLPs with the
capability of encapsidating sub-genomic MMTV RNA.
A point to note, we made a consistent observation that the amount of Gag VLPs from the His(−)
vector AK14 was always less compared to the His(+) expression vector, AK13 (Figure 9B; panel III)
despite their efficient expression in the cytoplasm (Figure 9B; panels I and II). This was true even
when the experiments were repeated multiple times with different preparations of plasmid DNAs
and having comparable transfection efficiencies from three independent experiments (SEAP relative
luminescence units 1811946 for AK13 versus 1820756 for AK14). The exact reason for this differential
Gag VLP formation in our experiments remains largely unclear. Irrespective of the amount of VLPs
produced by the His(+) or His(−) expression vectors, they could package MMTV sub-genomic RNA
efficiently and correspondingly to the amount of Gag VLPs formed (Figure 9B; panel III & Figure 9C).
Thus, from a biological and functional perspective, both proteins seemed to have similar capabilities.
Interestingly, when sequences for AK13 (with His6-tag) and AK14 (without His6-tag) were analyzed by
ExPASy-Compute pI/Mw tool to calculate the theoretical isoelectric point (pI), it predicted a negligible
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effect (0.18) in these proteins (AK13 with His6-tag: pI: 6.76 versus AK14 without His6-tag: pI: 6.58),
corroborating similarities in their functional observed capacities.Viruses 2018, 10, x FOR PEER REVIEW  15 of 20 
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produced by recombinant MMTV Pr77Gag expression plasmids (AK13 and AK14) should package
MMTV sub-genomic transfer vector (DA024) owing to the presence of the packaging sequences (Ψ).
HEK 293T cells co-transfected with the two plasmids were subjected to nucleocytoplasmic fractionation.
The cytoplasmic fractions and pelleted VLPs were analyzed for transfer vector RNA expression
by RT-PCR; (B) western blots performed on cell lysates and ultracentrifuged transfected culture
supernatants using α-MMTV p27 monoclonal antibody (panels I and III), and α-β-actin antibody
(panel II), respectively. PCR amplification of cDNAs prepared from cytoplasmic (panel IV) and viral
RNA (panel V) demonstrating RNA packaging using MMTV transfer vector (DA024)-specific primers
(OTR671/OTR672) to amplify a 142 bp fragment. The R A packaging experiment was performed
more than three independent times followed by its analysis by RT-PCR and a representative blot
of the packaged viral RNA is shown in pan l V; (C) relativ RNA packaging efficien y (RPE) by
AK13 AK14 of one of the rep sentative experiments, as measured by quantitative real time
PCR. Briefly, the real time experiments were conducted in triplicates (± standard deviation (SD)) and
the relative quantification (RQ) values obtained for the packaged viral RNA in the Gag VLPs were
normalized to the cytoplasmic expression of the transfer vector RNA (DA024) for the respective clones
as described previously.
4. Conclusions
Work presented in this study reports the successful cloning and expression of the recombinant
full-le gth P 77Gag protein of MMTV both with and without a His6-tag. The protein could be expressed
and p rified from soluble fractions of bacteria at high levels, h d the ability to VLPs in vitro,
and could also form VLPs in bacterial cells i vivo. VLPs for ed by the recombinant full-length Gag
protein in eukaryotic cells revealed their ability to recognize and encapsidate MMTV sub-genomic RNA
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successfully, despite the presence of His6-tag at the C-terminus. The availability of pure forms of MMTV
Pr77Gag should facilitate structural studies and further biochemical and functional characterization to
better understand the molecular interactions that take place during RNA dimerization, packaging,
and virus assembly steps critical for not only understanding virus replication, but also importantly for
the development of MMTV-based vectors for human gene therapy.
Author Contributions: Conceptualization, T.A.R., R.M. and F.M.; Methodology and Investigation, T.A.R., A.C.,
V.N.P., L.A., M.T.A. and F.N.N.P.; Formal Analysis, T.A.R., A.C.; Software, A.C.; Validation, T.A.R.; A.C.; Resources,
T.A.R.; Writing-Original Draft Preparation, T.A.R., F.M. and A.C.; Writing-Review & Editing, T.A.R., F.M., R.M.,
A.C., V.N.P., F.N.N.P. and L.M.A.; Visualization, T.A.R. and A.C.; Supervision, T.A.R.; Funding Acquisition, T.A.R.
Funding: This research was funded primarily by a grant from the United Arab Emirates University (UAEU)
Zayed Bin Sultan Center for Health Sciences (UCBR-31R123) and Program for Advanced Research (UPAR-31M233)
and in part by a grant from the College of Medicine and Health Sciences (31M280) to T.A.R. A.C. and F.N.N.P.
were supported by UCBR-31R123 and UPAR-31M233, respectively.
Acknowledgments: Authors would like to express sincere thanks and appreciation to Syed Tariq, EM Unit,
College of Medicine and Health Sciences and Ashok Prasad, Media Unit, Department of Medical Education,
College of Medicine and Health Sciences for their help in electron microscopic and imaging services, respectively.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Bittner, J.J. Some possible effects of nursing on the mammary gland tumor incidence in mice. Science 1936,
84, 162. [CrossRef] [PubMed]
2. Cardiff, R.D.; Kenney, N. Mouse mammary tumor biology: A short history. Adv. Cancer Res. 2007, 98, 53–116.
[CrossRef] [PubMed]
3. Duesberg, P.H.; Blair, P.B. Isolation of the nucleic acid of mouse mammary tumor virus (MTV). Proc. Natl.
Acad. Sci. USA 1966, 55, 1490–1497. [CrossRef] [PubMed]
4. Varmus, H.E.; Bishop, J.M.; Nowinski, R.C.; Sarker, N.H. Mammary Tumour Virus Specific Nucleotide
Sequences in Mouse DNA. Nat. New Biol. 1972, 238, 189–191. [CrossRef] [PubMed]
5. Dudley, J.P.; Golovkina, T.V.; Ross, S.R. Lessons Learned from Mouse Mammary Tumor Virus in Animal
Models. ILAR J. 2016, 57, 12–23. [CrossRef] [PubMed]
6. Martin, E.E.; Huang, W.; Anwar, T.; Arellano-Garcia, C.; Burman, B.; Guan, J.-L.; Gonzalez, M.E.; Kleer, C.G.
MMTV-cre;Ccn6 knockout mice develop tumors recapitulating human metaplastic breast carcinomas.
Oncogene 2017, 36, 2275–2285. [CrossRef] [PubMed]
7. Konstantoulas, C.J.; Indik, S. Mouse mammary tumor virus-based vector transduces non-dividing cells,
enters the nucleus via a TNPO3-independent pathway and integrates in a less biased fashion than other
retroviruses. Retrovirology 2014, 11, 34. [CrossRef] [PubMed]
8. Ham, J.; Thomson, A.; Needham, M.; Webb, P.; Parker, M. Characterization of response elements for
androgens, glucocorticoids and progestins in mouse mammary tumour virus. Nucleic Acids Res. 1988, 16,
5263–5276. [CrossRef] [PubMed]
9. Klein, R.; Ruttkowski, B.; Schwab, S.; Peterbauer, T.; Salmons, B.; Günzburg, W.H.; Hohenadl, C. Mouse
Mammary Tumor Virus Promoter-Containing Retroviral Promoter Conversion Vectors for Gene-Directed
Enzyme Prodrug Therapy are Functional In Vitro and In Vivo. J. Biomed. Biotechnol. 2008, 2008. [CrossRef]
[PubMed]
10. Rouault, F.; Nejad Asl, S.B.; Rungaldier, S.; Fuchs, E.; Salmons, B.; Günzburg, W.H. Promoter complex in
the central part of the mouse mammary tumor virus long terminal repeat. J. Virol. 2007, 81, 12572–12581.
[CrossRef] [PubMed]
11. Indik, S. Mouse mammary tumor virus-based vector for efficientand safe transgene delivery into mitotic and
non-mitotic cells. Cell Gene Ther. Insights 2016, 2, 589–597. [CrossRef]
12. Indik, S.; Günzburg, W.H.; Salmons, B.; Rouault, F. Mouse mammary tumor virus infects human cells.
Cancer Res. 2005, 65, 6651–6659. [CrossRef] [PubMed]
13. Mertz, J.A.; Chadee, A.B.; Byun, H.; Russell, R.; Dudley, J.P. Mapping of the functional boundaries and
secondary structure of the mouse mammary tumor virus Rem-responsive element. J. Biol. Chem. 2009, 284,
25642–25652. [CrossRef] [PubMed]
Viruses 2018, 10, 334 17 of 20
14. Mertz, J.A.; Simper, M.S.; Lozano, M.M.; Payne, S.M.; Dudley, J.P. Mouse Mammary Tumor Virus Encodes a
Self-Regulatory RNA Export Protein and Is a Complex Retrovirus. J. Virol. 2005, 79, 14737–14747. [CrossRef]
[PubMed]
15. Müllner, M.; Salmons, B.; Günzburg, W.H.; Indik, S. Identification of the Rem-responsive element of mouse
mammary tumor virus. Nucleic Acids Res. 2008, 36, 6284–6294. [CrossRef] [PubMed]
16. Coffin, J.M.; Hughes, S.H.; Varmus, H.E. Purification, Composition, and Morphology of Virions; Cold Spring
Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1997.
17. Ali, L.M.; Rizvi, T.A.; Mustafa, F. Cross- and Co-Packaging of Retroviral RNAs and Their Consequences.
Viruses 2016, 8, 276. [CrossRef] [PubMed]
18. Comas-Garcia, M.; Davis, S.R.; Rein, A. On the Selective Packaging of Genomic RNA by HIV-1. Viruses 2016,
8, 246. [CrossRef] [PubMed]
19. D’Souza, V.; Summers, M.F. How retroviruses select their genomes. Nat. Rev. Microbiol. 2005, 3, 643–655.
[CrossRef] [PubMed]
20. Dubois, N.; Marquet, R.; Paillart, J.-C.; Bernacchi, S. Retroviral RNA Dimerization: From Structure to
Functions. Front. Microbiol. 2018, 9, 527. [CrossRef] [PubMed]
21. Johnson, S.F.; Telesnitsky, A. Retroviral RNA Dimerization and Packaging: The What, How, When, Where,
and Why. PLOS Pathog. 2010, 6, e1001007. [CrossRef] [PubMed]
22. Kaddis Maldonado, R.J.; Parent, L.J. Orchestrating the Selection and Packaging of Genomic RNA by
Retroviruses: An Ensemble of Viral and Host Factors. Viruses 2016, 8, 257. [CrossRef] [PubMed]
23. Lever, A.M.L. HIV-1 RNA packaging. Adv. Pharmacol. 2007, 55, 1–32. [CrossRef] [PubMed]
24. Mailler, E.; Bernacchi, S.; Marquet, R.; Paillart, J.-C.; Vivet-Boudou, V.; Smyth, R.P. The Life-Cycle of the
HIV-1 Gag-RNA Complex. Viruses 2016, 8, 248. [CrossRef] [PubMed]
25. Abd El-Wahab, E.W.; Smyth, R.P.; Mailler, E.; Bernacchi, S.; Vivet-Boudou, V.; Hijnen, M.; Jossinet, F.; Mak, J.;
Paillart, J.-C.; Marquet, R. Specific recognition of the HIV-1 genomic RNA by the Gag precursor. Nat. Commun.
2014, 5, 4304. [CrossRef] [PubMed]
26. Bernacchi, S.; Abd El-Wahab, E.W.; Dubois, N.; Hijnen, M.; Smyth, R.P.; Mak, J.; Marquet, R.; Paillart, J.-C.
HIV-1 Pr55Gag binds genomic and spliced RNAs with different affinity and stoichiometry. RNA Biol. 2017,
14, 90–103. [CrossRef] [PubMed]
27. Smyth, R.P.; Smith, M.R.; Jousset, A.-C.; Despons, L.; Laumond, G.; Decoville, T.; Cattenoz, P.; Moog, C.;
Jossinet, F.; Mougel, M.; et al. In cell mutational interference mapping experiment (in cell MIME) identifies
the 5’ polyadenylation signal as a dual regulator of HIV-1 genomic RNA production and packaging.
Nucleic Acids Res. 2018. [CrossRef] [PubMed]
28. Smyth, R.P.; Despons, L.; Huili, G.; Bernacchi, S.; Hijnen, M.; Mak, J.; Jossinet, F.; Weixi, L.; Paillart, J.-C.;
von Kleist, M.; et al. Mutational interference mapping experiment (MIME) for studying RNA structure and
function. Nat. Methods 2015, 12, 866–872. [CrossRef] [PubMed]
29. Salmons, B.; Moritz-Legrand, S.; Garcha, I.; Günzburg, W.H. Construction and characterization of a packaging
cell line for MMTV-based conditional retroviral vectors. Biochem. Biophys. Res. Commun. 1989, 159, 1191–1198.
[CrossRef]
30. Rizvi, T.A.; Ali, J.; Phillip, P.S.; Ghazawi, A.; Jayanth, P.; Mustafa, F. Role of a heterologous retroviral transport
element in the development of genetic complementation assay for mouse mammary tumor virus (MMTV)
replication. Virology 2009, 385, 464–472. [CrossRef] [PubMed]
31. Mustafa, F.; Amri, D.A.; Ali, F.A.; Sari, N.A.; Suwaidi, S.A.; Jayanth, P.; Philips, P.S.; Rizvi, T.A. Sequences
within Both the 5′ UTR and Gag Are Required for Optimal In Vivo Packaging and Propagation of Mouse
Mammary Tumor Virus (MMTV) Genomic RNA. PLoS ONE 2012, 7, e47088. [CrossRef] [PubMed]
32. Reuter, J.S.; Mathews, D.H. RNAstructure: Software for RNA secondary structure prediction and analysis.
BMC Bioinform. 2010, 11, 129. [CrossRef] [PubMed]
33. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003,
31, 3406–3415. [CrossRef] [PubMed]
34. Aktar, S.J.; Vivet-Boudou, V.; Ali, L.M.; Jabeen, A.; Kalloush, R.M.; Richer, D.; Mustafa, F.; Marquet, R.;
Rizvi, T.A. Structural basis of genomic RNA (gRNA) dimerization and packaging determinants of mouse
mammary tumor virus (MMTV). Retrovirology 2014, 11, 96. [CrossRef] [PubMed]
35. Jewell, N.A.; Mansky, L.M. In the beginning: Genome recognition, RNA encapsidation and the initiation of
complex retrovirus assembly. J. Gen. Virol. 2000, 81, 1889–1899. [CrossRef] [PubMed]
Viruses 2018, 10, 334 18 of 20
36. Aldovini, A.; Young, R.A. Mutations of RNA and protein sequences involved in human immunodeficiency
virus type 1 packaging result in production of noninfectious virus. J. Virol. 1990, 64, 1920–1926. [PubMed]
37. Dorfman, T.; Luban, J.; Goff, S.P.; Haseltine, W.A.; Göttlinger, H.G. Mapping of functionally important
residues of a cysteine-histidine box in the human immunodeficiency virus type 1 nucleocapsid protein.
J. Virol. 1993, 67, 6159–6169. [PubMed]
38. Gorelick, R.J.; Henderson, L.E.; Hanser, J.P.; Rein, A. Point mutants of Moloney murine leukemia virus that
fail to package viral RNA: Evidence for specific RNA recognition by a “zinc finger-like” protein sequence.
Proc. Natl. Acad. Sci. USA 1988, 85, 8420–8424. [CrossRef] [PubMed]
39. Méric, C.; Gouilloud, E.; Spahr, P.F. Mutations in Rous sarcoma virus nucleocapsid protein p12 (NC):
Deletions of Cys-His boxes. J. Virol. 1988, 62, 3328–3333. [PubMed]
40. Poon, D.T.; Wu, J.; Aldovini, A. Charged amino acid residues of human immunodeficiency virus type 1
nucleocapsid p7 protein involved in RNA packaging and infectivity. J. Virol. 1996, 70, 6607–6616. [PubMed]
41. Lu, K.; Heng, X.; Garyu, L.; Monti, S.; Garcia, E.L.; Kharytonchyk, S.; Dorjsuren, B.; Kulandaivel, G.; Jones, S.;
Hiremath, A.; et al. NMR detection of structures in the HIV-1 5’-leader RNA that regulate genome packaging.
Science 2011, 334, 242–245. [CrossRef] [PubMed]
42. Kutluay, S.B.; Bieniasz, P.D. Analysis of the Initiating Events in HIV-1 Particle Assembly and Genome
Packaging. PLOS Pathog. 2010, 6, e1001200. [CrossRef] [PubMed]
43. Kaye, J.F.; Lever, A.M.L. Nonreciprocal Packaging of Human Immunodeficiency Virus Type 1 and Type
2 RNA: A Possible Role for the p2 Domain of Gag in RNA Encapsidation. J. Virol. 1998, 72, 5877–5885.
[PubMed]
44. Roy, B.B.; Russell, R.S.; Turner, D.; Liang, C. The T12I mutation within the SP1 region of Gag restricts
packaging of spliced viral RNA into human immunodeficiency virus type 1 with mutated RNA packaging
signals and mutated nucleocapsid sequence. Virology 2006, 344, 304–314. [CrossRef] [PubMed]
45. Russell, R.S.; Roldan, A.; Detorio, M.; Hu, J.; Wainberg, M.A.; Liang, C. Effects of a Single Amino Acid
Substitution within the p2 Region of Human Immunodeficiency Virus Type 1 on Packaging of Spliced Viral
RNA. J. Virol. 2003, 77, 12986–12995. [CrossRef] [PubMed]
46. Tanwar, H.S.; Khoo, K.K.; Garvey, M.; Waddington, L.; Leis, A.; Hijnen, M.; Velkov, T.; Dumsday, G.J.;
McKinstry, W.J.; Mak, J. The thermodynamics of Pr55Gag-RNA interaction regulate the assembly of HIV.
PLOS Pathog. 2017, 13, e1006221. [CrossRef] [PubMed]
47. D’Souza, V.; Summers, M.F. Structural basis for packaging the dimeric genome of Moloney murine leukaemia
virus. Nature 2004, 431, 586–590. [CrossRef] [PubMed]
48. Miyazaki, Y.; Garcia, E.L.; King, S.R.; Iyalla, K.; Loeliger, K.; Starck, P.; Syed, S.; Telesnitsky, A.; Summers, M.F.
An RNA Structural Switch Regulates Diploid Genome Packaging by Moloney Murine Leukemia Virus.
J. Mol. Biol. 2010, 396, 141–152. [CrossRef] [PubMed]
49. Hizi, A.; Henderson, L.E.; Copeland, T.D.; Sowder, R.C.; Krutzsch, H.C.; Oroszlan, S. Analysis of gag proteins
from mouse mammary tumor virus. J. Virol. 1989, 63, 2543–2549. [PubMed]
50. Hizi, A.; Henderson, L.E.; Copeland, T.D.; Sowder, R.C.; Hixson, C.V.; Oroszlan, S. Characterization of mouse
mammary tumor virus gag-pro gene products and the ribosomal frameshift site by protein sequencing.
Proc. Natl. Acad. Sci. USA 1987, 84, 7041–7045. [CrossRef] [PubMed]
51. Smith, G.H. Evidence for a precursor-product relationship between intracytoplasmic A particles and mouse
mammary tumour virus cores. J. Gen. Virol. 1978, 41, 193–200. [CrossRef] [PubMed]
52. Tanaka, H.; Tamura, A.; Tsujimura, D. Properties of the intracytoplasmic A particles purified from mouse
tumors. Virology 1972, 49, 61–78. [CrossRef]
53. Barajas, B.C.; Tanaka, M.; Robinson, B.A.; Phuong, D.J.; Chutiraka, K.; Reed, J.C.; Lingappa, J.R. Identifying
the assembly intermediate in which Gag first associates with unspliced HIV-1 RNA suggests a novel model
for HIV-1 RNA packaging. PLoS Pathog. 2018, 14, e1006977. [CrossRef] [PubMed]
54. Becker, J.T.; Sherer, N.M. Subcellular Localization of HIV-1 gag-pol mRNAs Regulates Sites of Virion
Assembly. J. Virol. 2017, 91, e02315-16. [CrossRef] [PubMed]
55. Behrens, R.T.; Aligeti, M.; Pocock, G.M.; Higgins, C.A.; Sherer, N.M. Nuclear Export Signal Masking
Regulates HIV-1 Rev Trafficking and Viral RNA Nuclear Export. J. Virol. 2017, 91. [CrossRef] [PubMed]
56. Brandt, S.; Blißenbach, M.; Grewe, B.; Konietzny, R.; Grunwald, T.; Überla, K. Rev Proteins of Human
and Simian Immunodeficiency Virus Enhance RNA Encapsidation. PLOS Pathog. 2007, 3, e54. [CrossRef]
[PubMed]
Viruses 2018, 10, 334 19 of 20
57. Jouvenet, N.; Lainé, S.; Pessel-Vivares, L.; Mougel, M. Cell biology of retroviral RNA packaging. RNA Biol.
2011, 8, 572–580. [CrossRef] [PubMed]
58. Lingappa, J.R.; Tanaka, M.; Barajas, B.C.; Robinson, B.A.; Phuong, D.J.; Chutiraka, K.; Reed, J.C. HIV-1
initiates genomic RNA packaging in a unique subset of host RNA granules. bioRxiv 2017, 183855. [CrossRef]
59. Moore, M.D.; Nikolaitchik, O.A.; Chen, J.; Hammarskjöld, M.-L.; Rekosh, D.; Hu, W.-S. Probing the HIV-1
Genomic RNA Trafficking Pathway and Dimerization by Genetic Recombination and Single Virion Analyses.
PLOS Pathog. 2009, 5, e1000627. [CrossRef] [PubMed]
60. Köppe, B.; Menéndez-Arias, L.; Oroszlan, S. Expression and purification of the mouse mammary tumor virus
gag-pro transframe protein p30 and characterization of its dUTPase activity. J. Virol. 1994, 68, 2313–2319.
[PubMed]
61. Taube, R.; Loya, S.; Avidan, O.; Perach, M.; Hizi, A. Reverse transcriptase of mouse mammary tumour
virus: Expression in bacteria, purification and biochemical characterization. Biochem. J. 1998, 329, 579–587.
[CrossRef] [PubMed]
62. Hook, L.M.; Agafonova, Y.; Ross, S.R.; Turner, S.J.; Golovkina, T.V. Genetics of Mouse Mammary Tumor
Virus-Induced Mammary Tumors: Linkage of Tumor Induction to the gag Gene. J. Virol. 2000, 74, 8876–8883.
[CrossRef] [PubMed]
63. Bray, M.; Prasad, S.; Dubay, J.W.; Hunter, E.; Jeang, K.T.; Rekosh, D.; Hammarskjöld, M.L. A small element
from the Mason-Pfizer monkey virus genome makes human immunodeficiency virus type 1 expression and
replication Rev-independent. Proc. Natl. Acad. Sci. USA 1994, 91, 1256–1260. [CrossRef] [PubMed]
64. Bewley, M.C.; Reinhart, L.; Stake, M.S.; Nadaraia-Hoke, S.; Parent, L.J.; Flanagan, J.M. A non-cleavable
hexahistidine affinity tag at the carboxyl-terminus of the HIV-1 Pr55Gag polyprotein alters nucleic acid
binding properties. Protein Expr. Purif. 2017, 130, 137–145. [CrossRef] [PubMed]
65. McKinstry, W.J.; Hijnen, M.; Tanwar, H.S.; Sparrow, L.G.; Nagarajan, S.; Pham, S.T.; Mak, J. Expression and
purification of soluble recombinant full length HIV-1 Pr55Gag protein in Escherichia coli. Protein Expr. Purif.
2014, 100, 10–18. [CrossRef] [PubMed]
66. Ghazawi, A.; Mustafa, F.; Phillip, P.S.; Jayanth, P.; Ali, J.; Rizvi, T.A. Both the 5′ and 3′ LTRs of FIV contain
minor RNA encapsidation determinants compared to the two core packaging determinants within the 5’
untranslated region and gag. Microbes Infect. 2006, 8, 767–778. [CrossRef] [PubMed]
67. Mustafa, F.; Ghazawi, A.; Jayanth, P.; Phillip, P.S.; Ali, J.; Rizvi, T.A. Sequences Intervening between the Core
Packaging Determinants Are Dispensable for Maintaining the Packaging Potential and Propagation of Feline
Immunodeficiency Virus Transfer Vector RNAs. J. Virol. 2005, 79, 13817–13821. [CrossRef] [PubMed]
68. Purdy, A.; Case, L.; Duvall, M.; Overstrom-Coleman, M.; Monnier, N.; Chervonsky, A.; Golovkina, T.
Unique resistance of I/LnJ mice to a retrovirus is due to sustained interferon γ-dependent production of
virus-neutralizing antibodies. J. Exp. Med. 2003, 197, 233–243. [CrossRef] [PubMed]
69. Brookes, S.; Placzek, M.; Moore, R.; Dixon, M.; Dickson, C.; Peters, G. Insertion elements and transitions in
cloned mouse mammary tumour virus DNA: Further delineation of the poison sequences. Nucleic Acids Res.
1986, 14, 8231–8245. [CrossRef] [PubMed]
70. Klikova, M.; Rhee, S.S.; Hunter, E.; Ruml, T. Efficient in vivo and in vitro assembly of retroviral capsids from
Gag precursor proteins expressed in bacteria. J. Virol. 1995, 69, 1093–1098. [PubMed]
71. Shine, J.; Dalgarno, L. The 3′-terminal sequence of Escherichia coli 16S ribosomal RNA: Complementarity to
nonsense triplets and ribosome binding sites. Proc. Natl. Acad. Sci. USA 1974, 71, 1342–1346. [CrossRef]
[PubMed]
72. Espah Borujeni, A.; Channarasappa, A.S.; Salis, H.M. Translation rate is controlled by coupled trade-offs
between site accessibility, selective RNA unfolding and sliding at upstream standby sites. Nucleic Acids Res.
2014, 42, 2646–2659. [CrossRef] [PubMed]
73. Salis, H.M. The ribosome binding site calculator. Methods Enzymol. 2011, 498, 19–42. [CrossRef] [PubMed]
74. Bell, P.A. E. coli Expression Systems. In Molecular Biology Problem Solver; Gerstein, A.S., Ed.; John Wiley &
Sons, Inc.: Hoboken, NJ, USA, 2001; pp. 461–490, ISBN 978-0-471-22390-0.
75. Affranchino, J.L.; González, S.A. In vitro assembly of the feline immunodeficiency virus Gag polyprotein.
Virus Res. 2010, 150, 153–157. [CrossRef] [PubMed]
76. Campbell, S.; Rein, A. In Vitro Assembly Properties of Human Immunodeficiency Virus Type 1 Gag Protein
Lacking the p6 Domain. J. Virol. 1999, 73, 2270–2279. [PubMed]
Viruses 2018, 10, 334 20 of 20
77. Campbell, S.; Vogt, V.M. In vitro assembly of virus-like particles with Rous sarcoma virus Gag deletion
mutants: Identification of the p10 domain as a morphological determinant in the formation of spherical
particles. J. Virol. 1997, 71, 4425–4435. [PubMed]
78. Ehrlich, L.S.; Agresta, B.E.; Carter, C.A. Assembly of recombinant human immunodeficiency virus type 1
capsid protein in vitro. J. Virol. 1992, 66, 4874–4883. [PubMed]
79. Sakalian, M.; Parker, S.D.; Weldon, R.A.; Hunter, E. Synthesis and assembly of retrovirus Gag precursors
into immature capsids in vitro. J. Virol. 1996, 70, 3706–3715. [PubMed]
80. Sakalian, M.; Hunter, E. Separate Assembly and Transport Domains within the Gag Precursor of Mason-Pfizer
Monkey Virus. J. Virol. 1999, 73, 8073–8082. [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
